The ability to differentiate human pluripotent stem cells (hPSCs) into cardiomyocytes (CMs) makes them an attractive source for repairing injured myocardium, disease modeling, and drug testing. Although current differentiation protocols yield hPSC-CMs to >90% efficiency, hPSC-CMs exhibit immature characteristics. With the goal of overcoming this limitation, we tested the effects of varying passive stretch on engineered heart muscle (EHM) structural and functional maturation, guided by computational modeling. Human embryonic stem cells (hESCs, H7 line) or human induced pluripotent stem cells (IMR-90 line) were differentiated to hPSC-derived cardiomyocytes (hPSC-CMs) in vitro using a small molecule based protocol. hPSC-CMs were characterized by troponin 1 flow cytometry as well as electrophysiological measurements. Afterwards, 1.2 3 10 6 hPSC-CMs were mixed with 0.4 3 10 6 human fibroblasts (IMR-90 line) (3:1 ratio) and type-I collagen. The blend was cast into custom-made 12-mm long polydimethylsiloxane reservoirs to vary nominal passive stretch of EHMs to 5, 7, or 9 mm. EHM characteristics were monitored for up to 50 days, with EHMs having a passive stretch of 7 mm giving the most consistent formation. Based on our initial macroscopic observations of EHM formation, we created a computational model that predicts the stress distribution throughout EHMs, which is a function of cellular composition, cellular ratio, and geometry. Based on this predictive modeling, we show cell alignment by immunohistochemistry and coordinated calcium waves by calcium imaging. Furthermore, coordinated calcium waves and mechanical contractions were apparent throughout entire EHMs. The stiffness and active forces of hPSC-derived EHMs are comparable with rat neonatal cardiomyocyte-derived EHMs. Three-dimensional EHMs display increased expression of mature cardiomyocyte genes including sarcomeric protein troponin-T, calcium and potassium ion channels, b-adrenergic receptors, and t-tubule protein caveolin-3. Passive stretch affects the structural and functional maturation of EHMs. Based on our predictive computational modeling, we show how to optimize cell alignment and calcium dynamics within EHMs. These findings provide a basis for the rational design of EHMs, which enables future scale-up productions for clinical use in cardiovascular tissue engineering. STEM CELLS 2018;36:265-277 
INTRODUCTION
Cardiovascular disease is the number one cause of morbidity and mortality in the Western world [1] . Following a myocardial infarction, cardiac tissue, comprising mainly cardiomyocytes (CMs), fibroblast cells (FCs), endothelial cells (ECs), and smooth muscle cells (SMCs), dies and there is little or no myocardial regeneration [2] . Instead, the dead myocardium is replaced with scar tissue, which often times leads to heart failure [3] . Thus, the delivery of replacement CMs by cardiomyoplasty or tissue engineering methods has emerged as a potential therapy because these approaches could restore function to an injured heart [2, 4, 5] .
The proven ability to differentiate human pluripotent stem cells (hPSCs), which include both human embryonic stem cells (hESCs) [6] and human induced pluripotent stem cells (hiPSCs) [7] , into CMs [8] [9] [10] [11] make them an attractive source for repairing injured myocardium [2, [12] [13] [14] [15] [16] [17] , disease modeling [18] [19] [20] [21] [22] [23] [24] [25] , and drug testing [26] [27] [28] [29] . Although the use of various biochemical differentiation protocols has increased current yields of hPSC-CMs to over 90% [9] [10] [11] , hPSC-CMs do not typically exhibit adult phenotypes. Rather, they exhibit immature molecular, structural, and functional characteristics [30, 31] .
In an effort to spatially and temporally organize hPSC-CMs toward a mature phenotype, methods and technologies that provide geometric [32] , biochemical [33] , electrical [34] , optogenetic [35] , and mechanical stimulation [14] in vitro mimicking the in vivo environment have been used to control function and improve maturity. These methods can upregulate cardiac-specific genes, activate stretch and voltage-gated ion channels, and drive enhanced formation of sarcomeric structures [30] . Additionally, hPSC-CMs have been used alone or in combination with FCs, ECs, SMCs, and mesenchymal stem cells, along with different extracellular matrices, and various forms of stimulation to tissue-engineer structures that enhance hPSC-CM organization and maturity [12, 14, 17, 24, [36] [37] [38] [39] [40] [41] [42] [43] [44] .
Similarly, with the goal of enhancing hPSC-CM organization, here, we show the effect of passive stretch and the resulting stress on engineered heart muscle (EHM) gene expression, structural formation, calcium handling, and force generation. For a given material, normalized passive stretch and stress are related by the elastic modulus, or Young's modulus, of the material. The elastic modulus is a measure of inherent material stiffness, and for cardiac tissue, it ranges from 25-200 kPa, depending on the presence or absence of cardiac pathology [45, 46] . Furthermore, the elastic modulus in cardiac tissue depends on the composition and interplay of the extracellular matrix (ECM) (e.g., collagen and elastin), the various cellular components (e.g., CM, FC, EC, and SMC), and intracellular components (e.g., titin, microtubules, and intermediate filaments) [45, [47] [48] [49] .
In our study, we describe how EHMs consisting of hPSCderived cardiomyocytes (hPSC-CMs) mixed in a defined ratio with FCs (specifically the human fibroblast IMR-90 line) form over time, given fixed total starting cell numbers but grown at different passive lengths. We then use our macroscopic observations of EHM formation to create a computational model that predicts the stress distribution throughout EHMs. Based on this predictive modeling, we create EHMs with upregulated expression of genes associated with maturation, with aligned cardiomyocytes, and with coordinated calcium waves and mechanical contractions throughout.
MATERIALS AND METHODS
Supporting Information Methods are available in the onlineonly Supporting Information Materials.
Negative Mold Design and Fabrication
A negative mold was designed using SolidWorks (Dassault Systè mes, Providence, RI) software and 3D-printed at the Stanford 3-Dimensional Printing Facility (Supporting Information  Fig. S1 ). The inner diameter of the mold is 35.5 mm. Five rectangular reservoirs (3 mm 3 12 mm 3 3 mm) with curved edges are in the center and serve as the negative mold for reservoirs that hold the cell-ECM mixture. Each rectangle has two holes, which serve as the negative mold for post formation. The distance between the posts (center-to-center) is 5, 7, and 9 mm.
PDMS Mold Fabrication and Preparation
Polydimethylsiloxane (PDMS) was used to cast the molds for EHM formation (Supporting Information Fig. S1 ). PDMS was fabricated using the Sylgard Silicone Elastomer Kit (Dow Corning, Auburn MI, Fisher Scientific NC0162601). An 8:1 (w/v) ratio of 8 g of silicone base to 1 ml of activator was mixed, degassed in a vacuum chamber for 15 minutes, and poured into the negative molds. After a second degassing for 15 minutes, the cast PDMS molds were cured at 60F for at least 2 hours. The PDMS molds were cleaned in a sonicated water bath for 10 minutes and repeated with a clean water bath. Subsequently, the PDMS devices were sterilized in an autoclave for 35 minutes (20 minutes sterilization and 15 minutes drying).
hPSC Maintenance hPSC consisting of hESC (H7 line, WiCell, Madison, WI) [6] and hiPSC (derived from IMR-90 line, Madison, WI) [50] were maintained in six-well tissue culture plates through daily feeding (2 ml per well) with E8 media (Life Technologies, Carlsbad, CA) as described previously [11] and detailed in the Supporting Information Methods.
hPSC-CM Differentiation
Our differentiation medium ("Complete RPMI") consisted of RPMI-1640 media (Life Technologies, Carlsbad, CA, 11875-085) supplemented with B27 minus insulin (Life Technologies, Carlsbad, CA, A1895601) (RPMI 1 B27-). To this medium, two small molecules were added over a week-long timetable as described previously [9, 11] and detailed in the Supporting Information Methods and shown in Supporting Information Figure S2 .
hPSC-CM Electrophysiology
Whole cell action potentials (APs) were recorded with the use of standard patch-clamp technique, as described previously [11, 51] and detailed in the Supporting Information Methods. Criteria used for classifying observed APs into ventricular-, atrial-, and nodal-like hPSC-CMs are detailed in Supporting Information Figure S3A . 
hPSC-CM Flow Cytometry
Flow cytometry was performed as described previously [11] and detailed in the Supporting Information Methods.
EHM Computational Modeling
A finite element model of the initial baseline non-compacted EHM was created using 345 linear 2D quadrilateral elements with 782 degrees of freedom using Abaqus (Dassault Systè mes, Providence, RI) (Fig. 1) . The original shape of the low density cell-hydrogel-media mix was approximated by a rounded 3 mm 3 6 mm rectangle with two PDMS posts separated by a baseline distance of 3 mm. To model different post distances, the EHM was stretched from its original post distance of 3 to 5 mm, 7 mm, and 9 mm, respectively. The subsequent compaction of the EHM was modeled by a gradual volume reduction following initial experimental observations. Parametric studies were performed by isotropically shrinking the EHM volume by 16.7%, 33.3%, 50.0%, and 66.7% compared with the 100% baseline volume. Additional parametric studies were performed to characterize the influence of EHM detachment. Because V-neck formation was observed experimentally, where EHMs detached from the inner surfaces of the posts as they compacted as shown in Figure 3A , the postcell interface was detached by 0% and 100% at the inner hemi-circle surfaces of the posts.
EHM Generation and Formation
EHMs were generated by pre-mixing stem cell-derived cardiomyocytes, fibroblasts, and a collagen-based hydrogel as described previously [20, 36, 38, 42, 52, 53] and detailed in the Supporting Information Methods and shown in Figure 2A , 2B. Characteristics of EHM formation were observed daily for wall detachment, post detachment, opacity, and V-neck formation as shown in Figure 3A .
EHM Immunohistochemistry
Immunohistochemistry (IHC) was performed as described previously [11] and detailed in the Supporting Information Methods. Primary and secondary antibodies are listed in Supporting Information Table 1 .
EHM Calcium Imaging
The Fluo-4 Direct Calcium Assay kit was used (Invitrogen, Carlsbad, CA, F10471) per manufacturer's instructions as described previously [22, 23] and detailed in the Supporting Information Methods. A motion decoupler was not used; however, regions of interest (ROI) were defined, and averaging was performed in each ROI. Calcium transients were analyzed with a custom analytical MATLAB (MathWorks, Natick, MA) script and validated as shown in Supporting Information Figure S4 .
EHM Stress-Strain Relationship and Elastic Modulus
Each EHM was mounted to a force transducer using vascular clamps at either end of the EHM. The EHM was stretched 15 mm in 15 second intervals. In response to stretch, the EHM displays an immediate increase in force (also known as systolic force, with a parallel increase in diastolic force) then relaxes until it reaches a new steady state. The time interval is long enough to allow for a new steady state to develop. The linear relationship between stress and strain is the Young's modulus. Maximum active force (also known as twitch force, which is the difference between systolic force and diastolic force) is calculated by the average of the 10 highest active forces.
EHM Gene Expression
Quantitative polymerase chain reaction (qPCR) was performed using primers for b1-adrenergic receptor (ADRB1), b2-adrenergic receptor (ADRB2), caveolin-3 (CAV3), potassium ion channel (KCNJ2), troponin-T (TNNT2), and calcium ion channel (CACNA1C). Total RNA was isolated from hPSC-CMs cultured in monolayer or as EHMs according to the manufacturer's protocol (RNeasy Mini Kit; Qiagen, Valencia, CA). Primers for TNNT2 were obtained from TaqMan (Applied Biosystems, Foster City, CA) assay (Hs 00165960) and other primers were designed using PrimerBank (http://pga.mgh.harvard.edu/primerbank/) shown in Supporting Information Table 2 . A 50-ng total RNA were reverse transcribed to cDNA and amplified over 40 cycles using the CFX384 Bio-Rad thermocycler (Bio-Rad Laboratories, Hercules, CA). One-step qPCR using SYBR green technology (Qiagen, Hilden, Germany) was performed. Expression of cardiac genes was confirmed for each condition and normalized to the housekeeping genes GAPDH using the 2 power (2DDCt) method.
Statistical Analysis
Unless otherwise specified, an unpaired two-tailed Student's t test was used to calculate significant differences between two groups and data are expressed as mean 6 SD. For calcium dynamics and qPCR, statistical analyses were performed using JMP Pro 13.1 (SAS Institute Inc, Cary, NC) and GraphPad Prism (GraphPad Software, La Jolla, CA). Data are expressed as mean 6 SEM. For calcium dynamics, differences between groups were assessed by using both Student's t test and oneway analysis of variance followed by Tukey's post hoc testing. A p < .05 was considered statistically significant for calcium dynamics and qPCR. The cell/collagen mixture was seeded into polydimethylsiloxane (PDMS) molds which contain five 100 ll reservoirs and fit within the wells of a six-well dish. (C): EHM were cast in reservoirs containing two PDMS posts spaced at 5, 7, and 9 mm or containing only one post (control with no tension). EHMs were allowed to condense and were analyzed at various time points within days 1-50 by quantitative polymerase chain reaction, immunohistochemistry, calcium imaging, and force testing. Abbreviations: CM, cardiomyocytes; EHM, engineered heart muscle; hPSC, human pluripotent stem cell; IHC, immunohistochemistry; PDMS, polydimethylsiloxane; qPCR, quantitative polymerase chain reaction. 
RESULTS

hPSC-CM Electrophysiology
hPSC-CM Flow Cytometry
Before EHMs were formed, hPSC-CMs were characterized using flow cytometry for sarcomeric protein troponin-T. A representative differentiation of hiPSC-CM yielded 88% troponin-T-positive cells (Supporting Information Fig. S5 ). City of Hope manufacturing records revealed that the lot of hESC-CMs (70 million CMs per lot) used to fabricate EHMs were 71% troponin-T positive. These results are consistent with our previously published differentiation yields [11] .
EHM Computational Modeling
The normalized maximum principal stress of EHMs under passive stretch was analyzed for different parameter combinations. Figure 1 illustrates the different shapes and stress distributions for varying post distances (and varying passive stretch), compaction levels, and detachment of the EHM from the posts. For 100% detachment (Fig. 1A ) and 0% detachment (Fig. 1B ) from posts at both ends, we observe the characteristic scenarios with and without V-neck formation. With 100% detachment (Fig. 1A) , there are elongated, unpopulated areas between the posts and EHM, areas of low stress in the center, and moderate V-necking (<15%) for up to 33% EHM compaction upon EHM formation.
With 50% or more compaction, V-necking increases significantly (>25%). V-necking and maximum principal stresses (shown maximally in red) increase with EHM compaction during EHM formation. With 0% detachment from the posts (Fig. 1B) , high principal stresses (shown maximally in red) exist in the EHM center and no unpopulated areas are evident next to the posts. Stresses are significantly higher (35%-55%) across all compaction levels compared with the 100% detachment scenario. Again, maximum principal stresses increase with EHM compaction upon EHM formation. Our subsequent experiments below revealed that EHMs showed low stresses within central internal areas and the unpopulated areas next to the post holes (Figs. 3-5 ), thus supporting our initial assumption that EHMs detach from the inner surface of the end posts during formation (Fig. 1A) . Furthermore, our subsequent experiments showed calcium dynamics correlates with EHM passive stretch (Fig. 6 ) 0 ,6-diamidino-2-phenylindole; EHM, engineered heart muscle; FSP-1, fibroblast specific protein-1.
EHM Generation
PDMS molds contained five reservoirs, each holding 100 ml of a mixture of hPSC-CMs consisting of either hESC-CMs (H7 line) or hiPSC-CMs (IMR-90 line), human fibroblasts (IMR-90 line), and type I-collagen ( Fig. 2A, 2B ). Before EHMs were formed hPSCCMs were characterized using flow cytometry for sarcomeric protein troponin-T. A representative differentiation of hiPSC-CM yielded 88% troponin-T-positive cells (Supporting Information  Fig. S5 ). City of Hope manufacturing records revealed the lot of hESC-CMs (70 million CMs per lot) used to fabricate EHMs were 71% troponin-T positive. These results are consistent with our previously published differentiation yields [11] . hPSC-CMs and fibroblasts (IMR-90 line) were mixed in a 3:1 ratio. This ratio was confirmed to yield better compaction of EHMs than without fibroblasts (Supporting Information Fig. S6 ). Posts in the reservoir were spaced at 5 mm, 7 mm, or 9 mm apart ( Fig. 2 ; Supporting Information Fig. S1 ). The no-tension control was based on the 9 mm configuration with one post physically removed.
EHM Formation
Formation of EHMs was assessed as a series of observational measures beginning with detachment from the reservoir's wall, detachment from the posts, opacity, extent of compaction, and formation of tension-induced V-neck (Fig. 3A, 3C - STEM CELLS 3H). V-neck is the space that appears between the post inner surface and the EHM as the EHM under tension pulls away from the post. Formation of EHMs was observed up to day 9 with condensation typically plateauing at day 5 (Fig. 3B) ; the sample size was n 5 5, 3, 4, and 3 for control-, 5 mm-, 7 mm-, and 9 mm-EHMs, respectively ( Fig. 3C-3H ). Although all EHMs detached from the reservoir's wall (Fig.  3C ), the 9 mm-EHMs displayed fastest detachment by day 2. The greatest detachment from posts was evident in the controls (which were designed to have 1 post) and the 9 mm-EHMs (Fig.  3D) . Opacity is a consequence of compaction, and thus, the greatest opacity occurred in the control where EHMs formed as a clump around one post (Fig. 3E) . The 9 mm-EHMs also showed fastest compaction such that all 9 mm-EHMs compacted 50% or more by day 2 compared with 5 mm, 7 mm, and no tension controls (Fig. 3F) . The percent of EHMs formed with 9 mm posts showed greatest V-neck formation at day 3, which subsequently decreased at day 4 due to breakage or detachment from posts (Fig. 3G ). An example of V-neck formation is shown in Figure 3H . Despite having the best compaction (Fig.  3F) and tension (Fig. 3G) , the 9 mm post distance also displayed the greatest rate of detachment from the posts (Fig. 3D) . Most no-tension controls naturally compacted around the single post; however, some of the controls attached to a topographical artifact of the severed post. For Figure 3C -3G, the sample size was n 5 6, 6, 8, and 6 for control-, 5 mm-, 7 mm-, and 9 mm-EHMs, respectively.
EHM Immunohistochemistry
Low-magnification IHC shows cardiovascular cell types present in EHMs and their distribution depends on passive stretch (Fig. 4) . At the EHM middle, cardiomyocytes labeled with aactinin (red) and troponin-T (green) were present throughout the EHM width, with troponin-T expressed most highly at the EHM outer edges (Fig. 4A-4D ). At the EHM ends, cardiomyocytes labeled with a-actinin (red) and troponin-T (green) were also present throughout the EHM width, with troponin-T expressed most highly at the EHM outer edges (Fig. 4E-4G ). At the EHM middle, fibroblasts labeled with FSP-1 (red) and endothelial cells labeled with CD31 (green) were homogeneously present throughout the EHM width (Fig. 4H-4K ). This indicated that the IMR-90 fibroblasts mixed in a 1:3 ratio with cardiomyocytes in the initial generation of EHMs, along with any fibroblasts already present in the cardiomyocyte differentiation cultures, survive within the EHMs. Furthermore, the observation that fibroblasts are also present throughout the EHM interior indicates adequate oxygenation is present throughout the EHMs. The presence of endothelial cells was likely from the initial cardiomyocyte differentiation cultures and the presence of cardiovascular progenitors, as has been reported by others [54] , as we did not add exogenous endothelial cells in the generation of the EHMs. We validated the antibodies for FSP-1 and CD31 against human lung fibroblasts and human umbilical vein endothelial cells (HUVEC) as shown in Supporting Information Figure S7A . At the EHM ends, fibroblasts labeled with FSP-1 (red) and endothelial cells labeled with CD31 (green) were also homogeneously present throughout the EHM width (Fig. 4L-4N ). The 7-mm passive stretch showed the most organized morphology (Fig. 4C, 4F , 4J, 4M, dashed green rectangles). To further confirm endothelial identity, we stained control EHMs with VE-Cadherin as shown in Supporting Information Figure S7B , S7C, which showed structures with branching morphology.
High-magnification IHC shows cardiovascular cell types were present in EHMs with sarcomeric organization at all passive lengths (Fig. 5) . At the EHM middle and outer edges, cardiomyocytes labeled with a-actinin (red) and troponin-T (green) were present, with sarcomeric banding patterns visible at all lengths as shown in the insets in Figure 5A -5D. At the EHM middle and outer edges, fibroblasts labeled with FSP-1 (red) and endothelial cells labeled with CD31 (green) were present (Fig. 5E-5H) . In Figure 5I , representative images of day 30 Quantitative polymerase chain reaction analysis was performed using primers for b1-adrenergic receptor (ADRB1), calveolin-3 (CAV3), potassium ion channel (KCNJ2), b2-adrenergic receptor (ADRB2), troponin-T (TNNT2), and calcium ion channel (CACNA1C). Gene expression in EHM1 samples were normalized by the ratio of cardiomyocytes to fibroblast (3:1). Compared with day 50 cardiomyocytes, day 50 expression of ADRB1, CAV3, TNNT2, and CACNA1C of EHMs with fibroblasts (EHM1) was all statistically significantly increased. Mean 6 SEM. *, p < .05 versus day 50 monolayer cardiomyocytes (one-way analysis of variance with Tukey's post hoc testing). Abbreviations: CM, cardiomyocytes; EHM, engineered heart muscle; iPSC, induced pluripotent stem cell.
EHMs show various degrees of cardiomyocyte sarcomeric alignment at control, 5, 7, and 9 mm passive stretch as demonstrated by a-actinin (green) and troponin-T (red) immunostaining. White double-ended arrows in the figure indicate the primary direction of stretch. Figure 5J shows high-magnification views of the area insets indicated by the white dashed rectangles in Figure 5I . White double-ended arrows in the figure indicate the primary direction of stretch while yellow double-ended dashed arrows indicate the general direction of sarcomeric alignment. EHMs under 7 mm stretch demonstrated sarcomeres most aligned with the primary direction of stretch as compared to control, 5, and 9 mm groups.
To visualize the early time-course of sarcomeric organization and alignment, for samples at days 1, 5, and 9, EHM sections were immunostained with troponin-T to visualize cardiomyocytes and 4 0 ,6-diamidino-2-phenylindole to visualize all nuclei (Supporting Information Fig. S8A-S8D) . At day 5, 7 mm-and 9 mm-EHMs showed more alignment than 5 mmEHMs and controls. Additionally, at day 9, alignment was apparent in the 5 mm-, 7 mm-, and 9 mm-EHMs. Supporting Information Figure S8E shows sarcomeres present at day 9 in 5 mm-and 7 mm-EHMs.
EHM Calcium Dynamics
Calcium transients were detected in EHMs at day 5 ( Fig. 6A ) after initial seeding, but not at day 1. At day 5, EHMs displayed spontaneous transients (Fig. 6B) as well as response to field stimulation at 1 Hz (Fig. 6C ). Spontaneous and fieldstimulated electrically evoked calcium transients can be seen propagating through an EHM at day 5 (Supporting Information Movies S1, S2). In addition, mechanical contractions were visibly detectable with the naked eye (Supporting Information Movie S3). Calcium transients were analyzed for amplitude, time-to-peak, beating rate, and TD50 (Fig. 6D) . In samples under moderate tension (7 mm-EHMs), spontaneous contractions trended toward greater amplitudes (Fig. 6E ), but were not statistically significantly different. However, the times-topeak were longer (Fig. 6F ) (*#, p < .05), and beating rates were slower (Fig. 6G ) (*#, p < .05). As seen in Figure 6H , the parameter related to calcium recycling, TD50, was significantly greater for 7 mm-EHMs (*#, p < .05). When field stimulated at 1 Hz, the EHMs displayed calcium transients with similar waveform properties (Fig. 6E-[6] H).
EHM Stress-Strain Relationship and Elastic Modulus
The linear relationship of stress and strain reveals the elastic modulus or the Young's modulus. The measurement occurs in the linear phase before the plateau phase begins (Supporting Information Fig. S9A ). EHMs were mounted onto a force transducer using vascular clamps (Supporting Information Fig. S9B ) and were stretched 15 mm in 15 seconds intervals (Supporting Information Fig. S9C ). In response to stretch, EHMs displayed an immediate increase in force (both a parallel increase in systolic and diastolic force) (Supporting Information Fig. S9D ). EHMs proceeded to relax until reaching a new steady state. The time interval is long enough to allow for a new steady state to develop (Supporting Information Fig. S9E ). The stiffness, as represented by Young's modulus, was comparable between EHMs fabricated from hPSC-derived CMs (66 kPa) or rat neonatal derived-CMs (160 kPa) (Supporting Information Fig. S9F ) and the maximum active force (twitch force) was also comparable between human (0.5 mN) and rat (0.4 mN) EHMs (Supporting Information Fig. S9G ). There was no statistical difference between the stiffness of the human and rat EHMs (p < .35) and no statistical difference between the maximum active force of the human and rat EHMs (p < .11).
EHM Elastic Behavior
EHMs under passive stretch remain highly elastic as is evident when passive stretch is removed. EHMs were allowed to form under passive stretch for 5 days (n 5 3) (Supporting Information Fig. S10A ). At this point, EHMs were released from their posts and observed for a subsequent 24 hours to day 6 (Supporting Information Fig. S10B ). The length of the detached EHMs decreased to less than half of their original length (Supporting Information Fig. S10C-S10D ). The detached length is similar to the length of control EHMs that formed on a single post without the influence of passive stretch. The relaxed EHM length is approximately 40% of the passive stretch length (Supporting Information Fig. S10C-S10D ) at days 5 and 6. This amount of strain is about twice the physiological systolic strain of human heart muscle, which is about 12% to 22% upon volume loading [55] . However, the 24-hour postmortem volume of a completely emptied heart (and, thus, in a fully relaxed state) has been estimated to range from 3% to 52%, with an average of 32%, of the in vivo diastolic volume [56, 57] . This compares more closely with the change seen between a stretched and relaxed EHM.
EHM Gene Expression
The effects of passive tension on the gene expression profile of mature cardiomyocyte genes were tested using our EHM platform. EHMs (7 mm inter-post distance) were formed using day 22 cardiomyocytes and matured until days 25, 30, and 50, which equates to 3 days, 8 days, and 28 days of maturation as a 3D structure (Fig. 7A ). EHMs were formed with and without fibroblasts or with fibroblasts alone. As a 1D control, monolayers of cardiomyocytes were cultured for the same lengths of time. To control for gene expression in fibroblasts, 1D and 3D controls consisting of only fibroblasts were also included in the analysis. Both 3D structure and time increase the expression of genes related to the maturity of cardiomyocytes including b-adrenergic receptors 1 and 2 (ADRB1 and ADRB2), calveolin-3 (CAV3), potassium (KCNJ2) and calcium ion channels (CACNA1C), and troponin-T (TNNT2) (Fig. 7B ). ADRB1 and CAV3 have been shown as late onset markers in prolonged 1D culture (over day 60 in monolayer) and their expressions were enhanced by 2D culture [58] . In a 3D structure, ADRB1 and CAV3 expression was significantly increased 3-fold and over 15-fold versus 1D culture at day 50, respectively, suggesting that the EHM format shortens the time necessary to attain a more mature phenotype of hPSC-CMs. Similarly, potassium and calcium ion channels (KCNJ2 and CACNA1C) and troponin-T (TNNT2) are highest in late-stage EHMs compared with 1D samples and early-stage EHMs. In contrast, ADRB2 expression had similar levels in 1D and 3D structures at all time points. The age of the EHM, despite the absence or presence of fibroblasts, is important for the expression of all six genes and the maturation of EHMs. Day 50 EHMs display the highest levels of gene expression compared with days 30 or 25. Fibroblasts did not express, or had very low expression of, ADRB1, CAV3, CACNA1C, and TNNT2.
Compared with day 50 cardiomyocytes, day 50 expression of ADRB1, CAV3, TNNT2, and CACNA1C of EHMs with fibroblasts were all statistically significantly increased.
DISCUSSION
The results presented here elucidate the effects of passive stretch on EHM formation and function through gene expression, cell alignment, calcium dynamics, and force generation within EHMs as predicted by computational modeling. Furthermore, analytic methods are described for calcium transient analysis and metrics to monitor EHM formation and compaction over time. Using experimental results, a computational model has been created that predicts the spatial distribution of maximum principal stress in EHMs for varying passive stretch and compaction levels. Time is an important factor in the development of internal forces and is represented as the percentage of volume compaction during the collagen-based hydrogel condensation. Initial passive tension, which is dictated by inner post distance, also affects the development of the force profile by increasing the speed by which the force profile develops. The difference in compaction between models A and B (Fig. 1) could be due to the interaction of the reservoir's surface with the hydrogel-cellular mixture during EHM formation. As the model demonstrates, this interaction is critical to the final distribution of forces and will affect the force profile of the EHM core versus outer layers as well as the thinnest regions around the posts. With these and future comprehensive experimental parameters, further refined computational models that are predictive of EHM structure and function can be created and can serve as a baseline for scaling EHMs toward clinical applications.
Modulating the resulting passive stress of EHMs may be important in accurately modeling pressure and volume overload cardiomyopathies. Either an increase or a decrease in passive cardiac stiffness can be detrimental [45] . For example, systolic pressure-overload, as in hypertrophic cardiomyopathy, results in a stiffer ventricle and impaired filling. In contrast, severe volume overload, as in dilated cardiomyopathy, results in a less stiff and more easily stretched ventricle and ultimately ventricular dilatation with functional consequences. Thus, EHMs provide a flexible platform for studying the consequences of overload in diseased tissue.
Three-dimensional structure and force conditioning improves the cardiac model by promoting cardiomyocyte maturation. As in the heart where contractile forces are enhanced by ventricular stretch upon filling [59] , EHMs also respond to mechanical forces [14, 44, 59 ]. An increase in principal stress due to passive strain will increase alignment as demonstrated above and in other studies [14, 52, 60, 61] . In addition, 3D structure yields a faster and greater expression of genes present in mature cardiomyocytes. For example, troponin-T is a protein of the sarcomere and the contractile machinery of the cell [62] . Caveolin-3 induces the formation of caveolae and the T-tubule system, which facilitates membrane depolarization and the development of cellular contractions [58, 63, 64] . Ion channel proteins including sodium, calcium, and potassium facilitate excitation-contraction coupling, one of the fundamental properties of cardiomyocytes [65] . Finally, the upregulation of b-adrenergic receptors 1 and the relatively unchanged expression of b-adrenergic receptors 2 is also an indicator of maturation, and ensures responsiveness to badrenergic drug agonists and antagonists, which is important in testing this drug class [58] . As shown above, 3D EHM structure plays an important role in the genes that regulate AP generation and propagation.
The ability to create patient-specific hiPSCs has enabled the development of new disease models. Somatic cells can be obtained readily from patients with a variety of genetic diseases, reprogrammed to a pluripotent state, and differentiated to the cell type that recapitulates the disease phenotype [7, 50] . Subsequently, a variety of electrically and mechanically based cardiac diseases have indeed been modeled with hiPSCs [18, 19, [21] [22] [23] . The read-outs for these studies have typically been at the single cell level; however, for diseases that manifest at the tissue level, generation of EHMs that faithfully recapitulate the disease phenotype will be necessary [38, 66] . For example, monitoring EHM formation or malformation [45] may serve as a model for assessing congenital heart disease such as left ventricular non-compaction where malformation of cardiac structures leads to the dominant disease phenotype rather than being caused by defects in individual cardiomyocytes per se. In at least three of the above studies [21] [22] [23] , calcium dynamics were abnormal, and thus the results presented here on the modulation of EHM calcium dynamics by varying passive stretch will be useful in future disease modeling studies.
CONCLUSION
In summary, this study focused on the rational design of EHMs based on the extent of passive stretch on gene expression, cell alignment, calcium dynamics, and force generation within EHMs. The findings will be important in creating EHMs that give insight into fetal, neonatal, pediatric, and adult human cardiac tissue physiology and pathophysiology, drug screening, and toxicity testing. Recent reports on the calcium dynamics of ex vivo human cardiac tissue slices [67] provide a benchmark for the calcium dynamics of these EHMs. Moreover, future strategies will likely incorporate biochemical [33] , electrical [34] , optogenetic [35] , and active mechanical stimulation [14] with the goal of spatially and temporally organizing hPSC-CMs and directing them toward a more mature phenotype. Finally, the combination of computational modeling for EHM rational design as well as the evolving maturation strategies for EHM structure and function will enable the future scale-up of EHMs for clinical use. 
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